Background: Although the activation-induced intracellular Ca 2؉ signal is disrupted by sensory neuron injury, the contribution of specific Ca 2؉ channel subtypes is unknown.
THE pattern of rise and fall of intracellular Ca 2ϩ levels ([Ca 2ϩ ] c ) initiated by depolarization-induced Ca 2ϩ influx (I Ca ) is regulated by complex interactions of plasmalemmal Ca 2ϩ influx, intracellular buffering, uptake, release from intracellular stores, and extrusion mechanisms. 1 The resulting Ca 2ϩ transient regulates neuronal function, including cell development, excitability, neurotransmitter release, genetic expression, and apoptotic cell death. 2 Because the rise in [Ca 2ϩ ] c induced by neuronal activity lasts seconds compared with the few-millisecond duration of individual action potentials, the Ca 2ϩ transient provides a time-integrated signal encoding neuronal activity history. 3 Through these mechanisms, altered Ca 2ϩ dynamics play a central role in pathologic processes in neurologic disease.
Critical changes in the intracellular Ca 2ϩ signal of primary sensory neurons contribute to hyperalgesia after peripheral nerve injury. Specifically, influx of Ca 2ϩ through high-and low-voltage-activated Ca 2ϩ channels is reduced after chronic constriction of the sciatic nerve 4 or ligation of the fifth lumbar (L5) spinal nerve. 5 Further, resting [Ca 2ϩ ] c is decreased 6 and the activity-induced Ca 2ϩ transient is disrupted 7 after experimental peripheral nerve injury accompanied by hyperalgesic behavior in rats. Primary sensory neurons of the dorsal root ganglia (DRGs) express a variety of voltage-gated Ca 2ϩ channel subtypes that can be distinguished according to their pharmacologic and electrophysiologic properties. 8 -10 The various channels that conduct L, N, P/Q, R, and T subtypes of I Ca are variably expressed in DRG neurons of different sizes. 11, 12 In addition, the subtypes are functionally diverse and linked to specific Ca 2ϩ regulated processes, partly on the basis of subcellular colocalization. 13 We expect that the different subtypes likewise do not contribute equally to the generation of the activityinduced intracellular Ca 2ϩ transient, although this has not been examined in sensory neurons. Further, developing treatments for neuropathic pain would be aided by understanding how injury affects individual Ca 2ϩ channel subtypes in generating the Ca 2ϩ signal.
We therefore examined the sensitivity to subtype-specific Ca 2ϩ channel blockers of activity-induced Ca 2ϩ transients. Using digital microfluorometry, dissociated DRG neurons from control animals were compared with neurons from animals demonstrating hyperalgesic behavior after peripheral nerve trauma by spinal nerve ligation (SNL). This model allows separate study of L5 DRG neurons that are injured by axotomy versus L4 neurons exposed to inflammatory mediators induced by wallerian degeneration of adjacent L5 fibers in the shared sciatic nerve. 14, 15 
Materials and Methods
All procedures were approved by the animal care and use committee of the Medical College of Wisconsin, Milwaukee, Wisconsin.
Injury Model
Male adult Sprague-Dawley rats (Charles River Laboratories Inc., Wilmington, MA) weighing 160 -180 g were randomly assigned to an SNL group or a control group. SNL was performed similar to the originally reported technique. 16 During anesthesia with isoflurane (2-3%) in oxygen, the right lumbar paravertebral region was exposed. After subperiosteal removal of the sixth lumbar transverse process, both the right L5 and L6 spinal nerves were tightly ligated with 5-0 silk suture and transected distal to the ligature. No muscle was removed, the intertransverse fascia were incised only at the site of the two ligations, and articular processes were not removed. The lumbar fascia was closed by 4-0 resorbable polyglactin suture, and the skin was closed with staples. In control rats, only lumbar skin incision and closure was performed. After surgery, the rats were returned to the colony, where they were kept in individual cages under normal housing conditions.
Sensory Testing
Identification of hyperalgesia was performed as described previously, using a method that has high specificity for heightened sensory responsiveness after nerve injury. 17 Briefly, at least 1 day after arrival in the animal care facility, rats were brought to the testing area for 4 h of familiarization with handling and the environment. Hind paws were stimulated in random order with a 22-gauge spinal needle applied with pressure adequate to indent but not penetrate the plantar skin 2 days before surgery and on 3 separate postoperative days. Control rats showed only a brief withdrawal. SNL animals that displayed a hyperalgesia-type response with sustained lifting, licking, chewing, or shaking of the paw were considered to express neuropathic pain behavior. This distinguished nerve injury-related behavior more selectively than withdrawal from von Frey stimulation.
Cell Isolation and Plating
The L4 and L5 DRGs were removed from control rats and hyperalgesic SNL rats (studied separately) after isoflurane anesthesia and decapitation. The operative field was perfused with cold, oxygenated, Ca 2ϩ and magnesium chloride-free Hanks Balanced Salt Solution. Minced ganglia were enzymatically dissociated in a solution containing 0.018% liberase blendzyme 2 (Roche Diagnostics Corp., Indianapolis, IN), 0.05% trypsin (Sigma, St. Louis, MO), and 0.01% deoxyribonuclease 1 (150,000 U; Sigma) in 4.5 ml DMEM F12 (Gibco, Invitrogen Corp., Carlsbad, CA) for 60 min at 37°C. Cells were harvested by centrifugation and resuspended in a culture medium consisting of 0.5 mM glutamine, 0.02 mg/ml gentamicin, 100 ng/ml nerve growth factor 7S (Alomone Labs, Jerusalem, Israel), 2% (vol/vol) B-27 supplement (Life Technologies, Rockville, MD), and 98% (vol/vol) neurobasal medium A 1X (Life Technologies) for plating onto poly-L-lysine-coated 12-mm glass coverslips (Deutsche Spiegelglas; Carolina Biologic Supply, Burlington, NC), plating from two to four slips per ganglion. Cells were incubated for 2-3 h in humidified incubator at 37°C with 95% air and 5% CO 2 before dye loading, and were studied within 5 h of dissociation.
Calcium Microfluorometry
Cytoplasmic Ca 2؉ Measurement. Cells were loaded with the ratiometric Ca 2ϩ indicator fura-2 AM (2.5 m in 0.1% Pluronic F-127; Molecular Probes, Eugene, OR) for 45 min at room temperature and then washed three times with a Tyrode solution consisting of 140 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM glucose, and 10 mM HEPES. Cells were left in a dark environment for 30 min for dye de-esterification. Coverslips were mounted in a 500-l recording chamber superfused with room temperature (22°C) Tyrode solution at a gravity driven flow rate of 2 ml/min, and imaged at 400ϫ magnification using an inverted microscope (Nikon Diaphot 200; Nikon, Tokyo, Japan) and cooled charge-coupled device camera (Cool Snap; fx-Photometrics, Tucson, AZ). Cell diameter was determined by calibrated video image. On bright-field examination, neurons were excluded from measurement if they showed evidence of lysis or crenulation of their surface, because these cells showed unstable recordings, and also if they had overlying glial satellite cells. Only one field was studied per slip. Autofluorescence of unloaded cells had a signal strength of less than 5% of the fluorescence of loaded cells. Emitted fura-2 fluorescence was recorded at 510 Ϯ 20 nm wavelength during alternating 340-and 380-nm excitation (DG-4; Sutter, Novato, CA). The ratio (R) of fluorescence excited by 340 nm divided by fluorescence excited by 380 nm was determined on a pixel-by-pixel basis. The frame capture period was 200 ms at intervals of 1-20 s. Each neuron was specified as a region of interest in the digital image (MetaFluor; Universal Imaging Corporation, Downingtown, PA) for separate averaging of R of the region, and an additional background area was recorded in each field for on-line subtraction of background fluorescence. R is directly related to [Ca 2ϩ ] c . 18 Because this study examines ratio changes, we report R (in ratio units [R.u.]) and do not convert R into actual [Ca 2ϩ ] c .
Neuronal Stimulation. In most of the experiments, the first Ca 2ϩ transient was elicited by a 5-s bath application of Tyrode solution containing elevated K ϩ concentration (50 mm) with reciprocal decrease in Na ϩ concentration, through a microperfusion system (onset time less than 200 ms) 125 m upstream from the imaged field. A four-valve gravity-driven microperfusion system (BPS-4; ALA, Westbury, NY) was digitally controlled by Clampex8.1 software (Axon Instruments, Foster City, CA). After recovery of the transient to a stable baseline level, a subtype blocker was applied for 4 min followed by a second 5-s K ϩ depolarization. Only one recording was performed per slip. This depolarization technique maximally activates Ca 2ϩ handling processes by producing a sustained depolarization that is considerably longer than a short train of action potentials, although it could duplicate the Ca 2ϩ load provided by a sustained burst of intense pathologic activity. In other experiments, neurons were excited by field stimulation rather than high K ϩ , to trigger natural action potentials. 19 Constant voltage stimuli (1-ms biphasic pulses, 10 Hz for 3 s; SIU-102; Warner Instruments, Hamden, CT) were passed between two platinum electrodes positioned on either side of the target neurons (RC-21BRFS chamber; Warner Instruments). Voltage amplitude was monitored to maintain consistent stimulation at Ϯ30 V throughout each protocol.
Electrophysiologic Recording
In a small subset of neurons, we examined membrane potential and inward I Ca through channel subtypes to identify the extent of depolarization, confirm the activation of the various Ca 2ϩ channel subtypes, and assure the adequacy of our blocking agents. Recordings were made from dissociated neurons in both current clamp and voltage clamp mode using standard patch clamp techniques. 4 Briefly, pipettes with resistance of 2-3 M⍀ were filled with solution containing 120 mM KCl, 5 mM Na-ATP, 0.4 mM Na-GTP, 5 mM EGTA, 2.25 mM CaCl 2 , 5 mM MgCl 2 , and 20 mM HEPES. It was buffered to a pH of 7.4 with KOH and had an osmolarity of 295-300 mOsm/l adjusted with sucrose when necessary. During current clamp recording, the cells were bathed in the same Tyrode solution as used for [Ca 2ϩ ] c recording, whereas voltage clamp recordings were performed with an external solution of the following composition: 160 mM tetraethylammonium chloride (TEA-Cl), 2 mM CaCl 2 , 10 mM HEPES, 1 mM 4-aminopyridine, and 0.001 mM tetrodotoxin, at a pH of 7.4 with TEA-OH and an osmolarity of 300 mOsm/l, adjusted with sucrose when necessary. Currents sensitive to specific blockers were calculated as the difference between the current measured immediately before and after the application of that drug, as a fraction of the total baseline current.
Agents
Each Ca 2ϩ channel subtype blocker was applied at the lowest effective concentration to achieve optimal selectivity, based on previous reports 20 -26 and on our patch clamp studies in DRG neurons (data not shown). Specifically, we blocked L-type channels with 10 M nicardi-pine (IC 50 4.4 M 27 ), N-type channels with 200 nM SNX-111 (IC50 6 nM, 23 and 30 nM by our patch clamp experiments), 200 nM P/Q-type channels with -agatoxin-IVA (Aga-IVA; IC 50 3 nM for P-type, 120 nM for Q-type, 26 and approximately 50 nM for undifferentiated P/Q-type channels by our patch clamp experiments), and R-type channels with 100 nM SNX-482 (IC 50 30 nM, 21 and approximately 30 nM by our patch clamp experiments). The concentration chosen for mibefradil (200 nM) was based on previous research 22 showing blockade of 70% of isolated T-type current. In addition, the L-type channel agonist Bay K 8644 (2 M) was used to test the effects of elevating neuronal Ca 2ϩ entry. 28 SNX-111 was the kind gift of Scott Bowersox, Ph.D. (Neurex Corporation, Menlo Park, CA), whereas SNX-482 and Aga-IVA were purchased from Peptides International (Louisville, KY). All other agents were purchased from Sigma-Aldrich Co. (St. Louis, MO). All drugs were prepared daily using aliquots from frozen stock solutions to obtain the working concentrations dissolved in Tyrode solution, except nicardipine, which also contained 0.1% polyethylene glycol. Application of agents was initiated 3 min before recording, with the exception of SNX-111 and SNX-482, which are fast acting and were applied for 30 s before recording. Applications were continued during stimulation and transient response.
Analysis and Statistics
Dimensions of the Ca 2ϩ transient induced by stimulation were determined by digital trace analysis (Axograph 4.7; Axon Instruments), as detailed in figure 1. Specifically, transient amplitude was determined from the previous resting level, and the duration determined as the time for [Ca 2ϩ ] c to achieve 80% recovery to the resting level. Because a change in transient amplitude secondarily alters the 80% level at which duration is determined, a decrease in amplitude artifactually prolongs the apparent duration of the transient when measured this way. We therefore in addition calculated the area under the curve by digital analysis. We have previously observed a predictable shift in the resting level after a transient, 7 so this was also measured. Although these features of the transient are regulated by various Ca 2ϩ uptake, release, and expulsion processes in the neuron (see discussion in Fuchs et al. 7 ), their specific functional significance is incompletely understood.
Neurons were divided into two groups with diameters above or below 34 m 6,29 to partially segregate the overlapping nociceptive and nonnociceptive neuron categories. 30 The number of cells tested is referred to as n. In all determinations, data are derived from at least seven animals. The effect of an agent on a measured parameter was examined by paired t test. Cell numbers were large, so parametric analysis by analysis of variance was used to determine main effects of injury. Post hoc comparisons between control, SNL L4, and SNL L5 groups were per-formed conservatively using the Bonferroni test (Statistica 6.0; StatSoft, Tulsa, OK). Similarly, the effects of different drugs on control neurons were compared by analysis of variance. Measures are reported as mean Ϯ SEM. Differences were considered significant at P Ͻ 0.05.
Results

Behavioral Responses
Dorsal root ganglia were removed 25 Ϯ 1 days after injury in rats with hyperalgesia after SNL (n ϭ 30). In these rats, hyperalgesia-type responses occurred in 42 Ϯ 4% of needle applications. Examination during harvest confirmed accurate placement of ligatures and section for all SNL animals. Control rats (n ϭ 34) did not develop hyperalgesic behavior (1 Ϯ 1% hyperalgesic response rate; P Ͻ 0.001 vs. SNL), and DRGs were removed 23 Ϯ 1 day after skin incision surgery.
Electrophysiologic Validation of High K ϩ Stimulation
Because the threshold for activation of voltage-gated Ca 2ϩ channel subtypes ranges from Ϫ70 to Ϫ20 mV, 31 we first examined the effect of the 50 mM K ϩ depolarization protocol on neuronal transmembrane voltage.
Potassium application depolarized the transmembrane potential to Ϫ13 Ϯ 0.9 mV (n ϭ 5; fig. 2A ), which was sustained during the application. This confirms that our protocol is adequate to activate all channel subtypes. Although high K ϩ depolarization is commonly performed for neuronal activation, contributions by Ca 2ϩ channel subtypes triggered by this method have not been examined. We therefore recorded I Ca by patch clamp technique in a group of medium-sized neurons (diameter 32 Ϯ 4 m, n ϭ 8) using a voltage command protocol that duplicated the voltage recorded during K ϩ depolarization ( fig. 2B ). The overall I Ca showed progressive inactivation but included a sustained component that persisted for the full 5 s of depolarization ( fig. 2C ), which supports our previous finding that cellular Ca 2ϩ load increases with greater duration of depolarization. 6 We identified currents carried by individual Ca 2ϩ channel subtypes by sequential application of selective blockers and determined the components sensitive to these blockers by calculating difference currents ( fig. 2D ). The L-type blocker nisoldipine (200 nM, based on an IC 50 of 40 nM from our patch clamp studies; data not shown) eliminated 46 Ϯ 11% of the peak current, the N-type toxin SNX-111 blocked 35 Ϯ 7%, P/Q blockade with Aga-IVA eliminated 9 Ϯ 6%, and the R-type toxin SNX-482 blocked 10 Ϯ 5% of peak current. (Because of large interneuronal variability, the example shown in fig. 2 does not duplicate these average values.) Therefore, the full spectrum of high-voltage-activated Ca 2ϩ current subtypes are triggered by our high K ϩ stimulation protocol. Interestingly, all types showed a current component sustained even out to 5 s with type of voltage command. This is consistent with a previous report in which sustained currents in small rat DRG neurons included components that were sensitive to nitrendipine (L-type current) and -conotoxin GVIA (N-type), as well as a residual resistant component. 25
K ϩ -induced Transients in Control Neurons
Similar to our previous findings, 6 5-s depolarization by elevated K ϩ produced prolonged Ca 2ϩ transients (table 1 and fig. 1 ), with a sustained plateau during the transient resolution in most cases (93% for small neurons, 57% for large neurons). After the transient, [Ca 2ϩ ] c did not return to the previous baseline but rather settled to a sustained elevated baseline.
Effect of I Ca Blockers on K ϩ -induced Transients in Control Neurons
We have previously demonstrated that the Ca 2ϩ transient induced by neuronal depolarization is dependent on Ca 2ϩ entry through voltage-gated Ca 2ϩ channels. Specifically, we achieved complete blockade by withdrawal of bath Ca 2ϩ or application of the nonspecific blocker cadmium. 6 To confirm that the specific subtype blockers used in the current study account for all the sources of voltage-gated Ca 2ϩ entry during neuronal stimulation, we measured Ca 2ϩ transients before and after simultaneous application of all subtype blockers ( fig. 3 ). This eliminated 95 Ϯ 2% of transient amplitude (n ϭ 12 small neurons; P Ͻ 0.001), shortened the transient duration by 94 Ϯ 2% (P Ͻ 0.001), and nearly eliminated the area of the transient (decreased by 99 Ϯ 1%; P Ͻ 0.001). These findings also confirm that the subtype blockers had a sustained effect although they were not present in the solutions during 5-s depolarization or during the resolution of the transient, and that the concentrations and duration of application were adequate to achieve block-ade. There was no direct effect of the blockers on resting [Ca 2ϩ ] c when applied together nor when given individually (data not shown).
Application of vehicle solution containing Tyrode solution and cytochrome c had no effect on the Ca 2ϩ transient (n ϭ 14). The effect of individually applied voltage-gated Ca 2ϩ channel subtype blockers (table 2 and fig. 4 ) was to inhibit the transient and limit the baseline offset after the transient. Block of L-type channels with nicardipine decreased the transient amplitude and area and decreased the baseline offset, in both large and small neurons. Nicardipine was delivered in a vehicle containing 0.1% polyethylene glycol, which alone diminished the baseline offset (change of Ϫ0.09 Ϯ 0.02 R.u., n ϭ 14; P Ͻ 0.001). We therefore performed further experiments with the L-type blocker nitrendipine (10 M) in a Tyrode solution that did not require polyethylene glycol. This agent produced comparable changes as nicardipine, including an identical loss of baseline offset (change of Ϫ0.11 Ϯ 0.02 R.u., n ϭ 15; P Ͻ 0.001).
Block of N-type channels with SNX-111, P/Q-type channels with Aga-IVA, and R-type channels with SNX-482 produced similar results. In all cases, transient amplitude and baseline offset were diminished in large and small neurons. Transient amplitude and area were de- creased in small neurons, but these parameters were variably affected in large neurons.
With available T-type blockers, the goal of complete current elimination is unattainable without substantial nonspecific effects on other channels. In Purkinje cells, 200 nM mibefradil blocks 70% of T-type current elicited from a resting potential of Ϫ70 mV (characteristic of resting DRG neurons). 22 This concentration thus produces substantial blockade but avoids nonspecific effects typical of micromolar concentrations, such as block of HVA currents 32 (especially L-type 33 ) or Na ϩ currents. 33 To examine for nonspecific effects, we tested higher concentrations of mibefradil in small neurons and found decreased transient area of 54 Ϯ 6% with 1 M (n ϭ 11) and 89 Ϯ 2% with 3 M (n ϭ 13). Because T-type currents make a minimal contribution to I Ca in small neurons, 11, 34 these findings indicate actions of mibefradil on other Ca 2ϩ channel subtypes at these concentrations.
In the current study, T-type block with mibefradil at 200 nM concentration had no effect on K ϩ -induced transient measures in large neurons (table 2). In small neurons, mibefradil decreased transient amplitude and baseline offset but to a lesser extent than other blockers. Whereas studies measuring T-type current directly have found a subgroup of neurons with particularly large T-type I Ca , 11, 34 we could not identify a subgroup that showed Ca 2ϩ transients with a high mibefradil sensitivity.
Comparison of the blockade of individual subtypes in small neurons showed that the transient amplitude was most dependent on L-and N-type channels (fig. 4) . The contribution of the various subtypes to the transient area was comparable for all subtypes except T, the blockade of which did not have an effect. L-and N-type channels had the greatest contribution to the baseline offset. For large neurons, L-and N-type channels also made the greatest contribution to the amplitude, area, and baseline offset of the transient.
Effect of I Ca Amplification on K ϩ -induced Transients in Control Neurons
Because blockade of Ca 2ϩ influx through voltage-gated channels reduced measures of the Ca 2ϩ transient, we speculated that enhanced Ca 2ϩ should have the opposite effect. Accordingly, we applied the L-type Ca 2ϩ channel agonist Bay K 8644 (2 M) to control neurons (17 small and 1 large) to increase Ca 2ϩ entry during activation. Consistent with our expectations, transient duration was increased by 81 Ϯ 11% (P Ͻ 0.001), transient area was increased by 66 Ϯ 8% (P Ͻ 0.001), and transient amplitude was increased by 4 Ϯ 3% (P Ͻ 0.05). Baseline offset was diminished by 0.04 Ϯ 0.01 (P Ͻ 0.05).
Transients in Injured Neurons
The initial (preagent) stimulation of neurons from animals subjected to SNL showed changes that confirm our previous findings (table 1) . 6, 7 Specifically, small and large axotomized neurons from L5 developed a depressed baseline [Ca 2ϩ ] c , more rapid transient resolution, and loss of the baseline offset. Large neurons in addition showed a greater transient amplitude. After SNL, small neurons from L4 developed and elevated baseline and a greater baseline offset after transient resolution. In the current data set, we in addition calculated transient area, which was decreased by axotomy in small neurons.
Effect of I Ca Blockers on K ϩ -induced Transients in Injured Neurons
Because we have previously determined that injury of peripheral sensory neurons decreases the Ca 2ϩ transient, 7 we therefore examined whether this injury effect 
Effect of I Ca Blockers on Field Stimulation-induced Ca 2ϩ Transients
Stimulation with 5-s K ϩ application results in channel opening that much exceeds the duration during action potential trains, although the Ca 2ϩ load may resemble that which follows a sustained burst of neuronal activity in pathologic conditions. To model more physiologic conditions, we used field stimulation 7 to examine the effect of specific Ca 2ϩ channel subtype blockers during generation of natural action potentials ( fig. 6 ). Experiments with control neurons stimulated this way confirm the sensitivity of the transient to SNX-111, SNX-482, and sensitivity to L-type blockers was seen in transients triggered by field stimulation. This contrast is consistent with the noninactivating nature of L-type currents, which therefore will make a particularly large contribution to inward Ca 2ϩ flux during the sustained depolarization caused by K ϩ stimulation. In these experiments, we did not analyze the transient duration to 80% recovery, because field-stimulated transients typically lack a plateau and this duration measure is therefore much prolonged by small changes in amplitude. There were no drug effects on the offset of the posttransient baseline. After injury, field stimulation-induced transients were decreased as we have previously reported. 7 The effect of injury on sensitivity to blockers seen during field stimulation largely confirms findings during K ϩ stimulation ( fig. 5 ). Specifically, small axotomized L5 neurons showed decreased responses to N-and R-type blockers, whereas large L5 neurons showed decreased responses to N-and P/Q-type blockers. A significant increase in responsiveness to the dihydropyridine blockers nitrendipine and nisoldipine was seen in L4 neurons after SNL.
Discussion
Mammalian sensory neurons are equipped with a diversity of voltage-gated Ca 2ϩ channel subtypes that regulate varied physiologic functions. 2 Exploration of their distinct roles was initiated by the observation of the selective inhibition of L-type current by dihydropyridines and by the discovery of natural snail and spider peptide toxins that discriminate between other highvoltage-activated Ca 2ϩ currents. Our strategy in this study was to use the selective actions of various blockers, including the synthetic peptide analogs of invertebrate toxins, to identify the contributions of different channel subtypes to the intracellular Ca 2ϩ signal that follows DRG neuron activation. Nonetheless, we recognize that there is imperfect selectivity of these agents. For example, nicardipine may block T-type currents, 35 and for this reason we also used nisoldipine and nitrendipine, which may also block a portion of the N-type current. 25 Selective block of T-type current is particularly problematic because all available agents have activity on secondary channel targets. We chose mibefradil because of its fairly selective profile 22 compared with amiloride and nickel, although it may also affect R-type 36 and L-type 32 currents at much higher concentrations than used here. Even the peptide blockers may have minor overlapping effects. 27 Our findings with K ϩ stimulation show that all highvoltage-activated I Ca subtypes contribute to Ca 2ϩ transients in sensory neurons activated this way, although the L-and N-type channels provide the dominant pathway, especially in large neurons. The substantial contribution of L-type channels to the K ϩ -triggered transient may be emphasized by the sustained depolarization generated by this type of neuronal activation, because L-type current minimally inactivates. 25 This is confirmed by our observation of a minimal sensitivity of field-evoked transients to dihydropyridine blockade of L-type channels, as also observed by others, 37, 38 and a relatively greater percentile representation of transient sensitivity to other high-voltage-activated channel blockers. This pattern of relative contribution to the field-stimulated transient is similar to the pattern of specific channel subtype contributions to the total inward Ca 2ϩ flux during membrane depolarization. Specifically, direct current measure by patch clamp technique shows that N-and P/Q-type predominate, 25, 39, 40 although there are subgroups of neurons that may have larger representation of L-type current. 11, 34, 41 Although our findings do not let us conclude that there is a simple linear relation between current flux and generation of the transient for each channel subtype, because of the complex modulation of the transient by intracellular processes, 42 the pro rata relation between current and transient broadly indicates a lack of specialization of the voltage-gated Ca 2ϩ channel subtypes in initiating the cytoplasmic Ca 2ϩ signal.
Our examination of injured neurons shows that axotomy selectively reduces the contribution of I Ca subtypes to the generation of the Ca 2ϩ transient on a cell sizespecific basis. Specifically, using both high K ϩ and field stimulation, axotomy of small neurons results in a diminished contribution to the transient by I Ca through N-and R-type channels, whereas axotomy of large neurons decreases the component of the transient triggered by current through N-and P/Q-type channels. One study directly examining membrane Ca 2ϩ flux has found a nonselective effect of axotomy on the various I Ca subtypes, 41 but another has observed a particular loss of N-type current. 43 Our current observations also support a loss of the N-type contribution to the intracellular Ca 2ϩ transient after axotomy, as well as loss of P/Q-and R-type components. N-type loss is most evident with sustained stimulation during K ϩ application, whereas R-type is fully eliminated only in field stimulation that creates brief action potentials. There has been no previous report of axotomy-induced loss of R-or P/Q-type I Ca . A different pattern is seen in the adjacent L4 neurons after SNL injury, in which the R-type contribution is decreased loss in small neurons, whereas the effect of L-type channel block depends on method of neuronal activation. The divergent responses comparing field and K ϩ stimulation may indicate an injury effect on L4 neurons involving kinetics of channel activation or inactivation.
The mechanism by which injury causes Ca 2ϩ channel contributions to the intracellular transient to diminish is unknown. The transcription of the genes coding for the channel subunits conducting L-and T-type currents are down-regulated after axotomy, 44 but transcription of genes coding for N-, P/Q-, and R-type subunits is unchanged. 44, 45 Therefore, regulation of transcription alone cannot explain our findings. Injury also modulates translation factors that regulate gene expression at a posttranscriptional level, 46 which could contribute to modulation of Ca 2ϩ channel proteins, as has been noted for Na ϩ channels. 47 The observation of unchanged Ntype channel protein in DRG neurons after axotomy 45 indicates that regulation of Ca 2ϩ currents by intracellular signaling cascades and kinase activity may be an important cause of injury-induced phenotypic change. 48, 49 Finally, sensory neuron injury is associated with slight but significant depolarization of the resting membrane potential, 50 which can alter the inactivation state of voltage-gated Ca 2ϩ channels in a subtype-specific manner and alter the contribution of a particular subtype.
Decreased accumulation of cytoplasmic Ca 2ϩ in peripheral neurons increases excitability and may contribute to generation neuropathic pain. 50 -52 Ultimately, identification of the specific channel subtype or subtypes that are lost after injury may allow treatment that selectively enhances only the affected channels. Because the injury-associated changes are cell-size specific, such treatment may be designed to specifically alter neurons with nociceptive modality.
